Prevalence of mentholated products for consumption has brought great importance to studies on menthol's 7 metabolic pathways to ensure safety, design more potent derivatives, and identify therapeutic benefits. Proposed 8 pathways of (-)-menthol metabolism based on metabolites found experimentally in previous works by Yamaguchi, 9 Caldwell & Farmer, Madyastha & Srivatsan and Hiki et al. were not in agreement. This in silico approach is based 10 on the three in vivo studies and aims to resolve the discrepancies. Reactions in the pathways are conjugation with 11 glucuronic acid/sulfate, oxidation to alcohol, aldehyde & carboxylic acid, and formation of a four-membered/five-12 membered ring. Gas-phase structures, standard Gibbs energies and SMD solvation energies at B3LYP/6-13 311++G(d,p) level were obtained for 102 compounds in the pathways. This study provides a more complete 14 picture of menthol metabolism by combining information from three experimental studies and filling missing links in 15 previously published pathways. 16 Introduction 17 (-)-Menthol or 1S,3R,4S-menthol is a naturally occurring compound found in plants of the Mentha genus 18 commonly known as mint. It is the most abundant in nature among the 8 possible stereoisomers, and make up at 19 least 50% of peppermint (Mentha piperita) oil and 70-80% of corn mint (Mentha arvensis) oil [1]. (-)-Menthol, 20
randomized, double-blind, placebo-controlled study in human by Hiki et al. [19] was conducted by directly spraying 48 0.8% (-)-menthol solution at escalating doses of 10-40 mL onto the gastric mucosa. Blood and urine of the 49 participants were sampled over a 24-hour period and analyzed with GC/MS for menthol metabolites. In total, 72 50 metabolites were identified or proposed in this human study alone, compared to 9 and 18 metabolites in the 51 previous two experiments. (See S3 File for the full list of metabolites in the first worksheet in the spreadsheet file.) 52 In vitro investigation of metabolism in human liver microsomes revealed that the same key reactions in the 53 metabolic pathway in rats occur in the microsomes [20, 21] . Page 3/11 ring at position 3, 7, 8, 9 and 10 of the parent compound. In this paper, we calculated Gibbs energies of reactions 69 and associated them with the type, the position and the step of reaction in the pathways.
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Materials and methods
71
Gas-phase structures were calculated based on the B3LYP/6-311++G(d,p) level and were confirmed to be at 72 minimum energy on the electronic potential energy surfaces by frequency calculations. The solvation energies in 73 water of the gas-phase structures were calculated with the SMD model [22] . The calculation of Gibbs energies in 74 solution phase is the same as in our previous work [23, 24] where there is a special treatment for water [25] [26] [27] [28] . File and S2 File respectively.) The abbreviated names for each of the metabolites in this study are as in Table 1 .
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For simplicity, we based the naming system of menthol metabolites on their five substitutable positions, namely 80 position 3, 7, 8, 9 and 10. A menthol metabolite is referred to as a five-character sequence named according to its 81 substituted functional groups at these positions with the abbreviation explained below in Table 1 . observed thermodynamic preference explain the disproportionately large amount of 3 oeoee isolated 150 experimentally compared to its isomers.
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• Oxidation from alcohol to aldehyde is an endothermic reaction, hence metabolites containing 152 aldehyde groups are either not detected or detected in small quantities and serve as intermediates 153 to products of intramolecular aldol condensation to form cyclic ethers or further exothermic oxidation 154 to carboxylic acid. In rats, no metabolites containing aldehyde groups were detected in the plasma, 
